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Short cut calculations coupled with correlat~ons, empirical or 
otherwise, have long held a place of prime importance in the field 
of distillation calculations. These techniques have found wide ap-
plication because the more rigorous methods of distillation calcu .. 
lation require considerable time for solution. With the advent of 
the-digital computer, emphasis has shifted from short cut techniques 
to the longer, more rigorous calculations. However, short cut 
techniques have not lost their attractiveness in the area of pre-
liminary design. By means of these calculations, answers which are 
sufficiently reliable for preliminary cost estimates may be obtained. 
A number of correlations relating the reflux ratio as a func-
tion of the nwnber of stages, the minimum.refluxratio, and the mi-
riimum number of stages are available in the literature. U~e of one 
has indicated that these relationships are not adequate for exist-
ing techniques iri the field of distillation calculations. One case 
stands out in that a difference between correlation results and 
plate to plate results of over 100% was found in the reflux rate 
when using existing correlations as a basis for the starting valu.es 
for plate to plate calculations. This error may .stem from the fact 
··that ·a consistent basis was not used for the determinatio11 of the 
,, 
correlation parameters. However, in most eases, sufficient data 
were not given with the original presentation of the variotiimethods 
1 
2 
to allow one to determine the sources of data or the methods used 
in determining the parameters. In other areas of distillation cal-
culations no correlations exist :whi.~h adequately describe certain 
relationships that are often desired. 
The objectives of this study were two fold: 
1. To develop a correlation relating minimwn and operating reflux 
ratio .as a function of minimum and operating number of stages 
using published data sources. 
2. To develop an expression which would allow the J>rediction of 
the change in reflux ratio. necessary to make tbe same distil-
late product if the feed vaporization were changed. 
Such correlations would. have value to both the process desigJ1 eµ-
gineer and to the operating engineer. Correlation 1 is of the type 
previously mentioned but would be based on more rigorotts methods 
than used in previous correlations. In addition, various methods ,· 
·· of determining the parameters could be used which would allow the 
process engineer considerable flexibility in the basis which he 
1nay use to carry out his own calculations. Correlation 2 would 
allow the process engineer to give the better estimate of frac-
tionator cost for various feed conditions. The operating engineer 
could use Correlation 2 to better control the fractionator in cases 
of upset. This correlation will also provide the instr'Wll1entation 
engineer with a mathematical expression for predicting changes in 
reflux ratio resulting from changes in feed condition. Such an ex-
pression can .easily be used with control devices such as the analog 
computer. 
Limitations of the Study 
The study was limi_ted to multicomponent systems which contained 
the lighter hydrocarbons. These were all the normal paraffin hy-
drocarbons between methane and decane. Fairly reliable thermody-
namic data are available for these compounds. In addition, only the 
cases pertaining to the simple fractionator were studied. The 
various systems used in this study are prese.nted in. Table I. Cor-
relations relating the minimum and operating reflux ratio and the 
minimum and operating number of stages for two different methods of 
computing the minimum reflux ratio were studied. 
CHAPTER II 
TH$0RY 
Operation of a fractionator to perform a specified separation 
on a given feed stream must lie between two limits. These limits 
are: (1) the minimum reflux ratio which occurs at an infinitenum-
ber of stages, and (2) the minimum number of stages which occurs at 
' 
an infinite reflux ratio. These two minimum quantities define the 
limits of fractionator operation and the operating number of stages 
and ~eflux ratio must lie somewhere between these two limits. Ty-
pical relations between the number of stag~s and reflux ratio are 
sho~ by ~igure 1 (19). The curve in Figure 1 may be represented 
by an equation of the form 
(g)(z)c = C (1) 
Underwood (19) has suggested the form 
(R - Rm)(S -Sm) = ·C ( 2) 
for purposes of correlating minimum and operating reflux ratio and 
minimum and operating number of stages. 
' . 
Various investigators :have correlated minimum and operating 
reflux ratio as a function of the minimum and operating number of 
stages. Brown and Martin's (3) correlation which appeared in 1939 
was based principally on binary mixtures. This correlation is shown 
in Figure 2. The quantities, V and L, refer to vapor and liquid 
rates in an entire section of the fractionator. When the assumption 
4 
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of constant molal overflow is not applied, use of the Brown and 
Martin method becomes somewhat difficult for there is a question of 
what vapor rate is to be used.. In addition, parameters for the 
operating curves were shown and make the ,problem of interpolation 
for the minimum number of stages somewhat difficult. The correla-
tion was checked by Brown al"ul Marti11 for mi1l ti component niixtures 
and. f o,md. to have api:iroximately the same degree of accuracy as was 
noted for binary mixtures. 
Gilliland (7) has also presented a correlation which included 
multicomponent systems in addition to binary systems, but also made 
the assuniption of constant molal overflow. Gilliland's correlation 
is shown in Figure 3. Although the correlation is presented as a 
distinct line, Gilliland states that a better correlation would 
perhaps be a series of lines having approJcimately the same shape 
as the line presented. 
Donnell and Cooper (4) have presented a correlation which re-
!ates the number of plates to the boilup vapor. In this case, the 
authors were looking for the optimum steam requirement rather than 
a finite reflux ratio. Modifications of this method have been used 
to determine the reflux ratio from the minimum parameters. The sys-
terns studied in this meth6d were both binary and multicomponent 
systems. The analytical method of Underwood (18) was used to de-
termine the· minimum nwnber of stages. No indication of t,he systems 
studied was given in the presentation of the original article but, 
in sample ·,calculations accompanying the article, constant molal 
overflow W:~s used as a basis of calculations. 
:·>:,;. '; 
Recently, Mason (14) has presented another correlation having 
to,----~----------
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9 
a completely different form than any of the preceding authors. 
Mason recognized th~ fact that the curve shown in Figure 1 had a 
hyperbolic form and correlated his data on this basis. The result-
ing correlation is shown in Figure 4. Here again, no mention of 
the method of determination of the various variables was given. 
Determination of the minimum number of stages is most conveni-
ently done by use of one of two methods. These methods are pre-
sented by Fenske (6) and Winn (20). The analytical expression for 
Fenske's method is 
(3) 
In the derivation of the above eq~ation, assumptions of constant 
molal overflow and constant relative volatility were used. These 
assumptions somewhat limit the validity of the expression but for 
the most part are not bad assumptions. Winn's expression has a 
slightly modified form from that of Fenske, and is 
~Sm = G:t (;:(( fi) 1-b (4) 
This relationship also involves th e assumption of constant molal 
overflow but does not make the assumption of constant relative 
volatility. The terms, ~ and b, are used to relate the K values of 
the k~y components at the distillate and bottoms temperatures . If 
a plot of K of the heavy key as a function of K of the light key is 
a straight line and the assumption of constant molal overflow is 
valid, Equation 4 is rigorous. 
Morrison (16) performed a study of the minimum number of 
stages as calculated by both the Fenske equation and the Winn 
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equation. 'l'he results of this study indicated that the minimum 
number of stages as calcu.lated loy both methods '1vere approximately 
the same. For over forty different cases, an average difference 
of approximately 5% was noted for the two methods. All calcula-
tions were performed on the IBM 650 Di/si tal Computer using; prog;rams 
developed by the author of this thesis. 
In addition, modified plate to plate calculations were carried 
out to determine the validity of both short cut methods. The cal-
culations were performed in the following fashion: 
1. A ]plate to plate calculation was set up as if to be run for the 
normal fractionation problem. 
2. After the first trial, the vapor rate leaving the top tray was 
4~· 
arbitrarily set to a value of approximately 10 Q• 
3. Computations were carried out until feed 11late matching was 
achieved. 
4. Component distributions from this calculation were then used 
with the short cut miniinum number of stag;es calculations :to 
determine the mini.mu:m number of stages. 
Plate to plate calculations carried out in this manner should pro-
vide data regarding; the ndnimuim number of stages. 'l'he minimum 
number of stages occurs at an infinite reflux ~atio, or stated 
another way, when the interstage vapor and liquid traffics are 
equal. In the method Morrison used, the L/V ratios are, effective-
lJ, unity. In addition, the reflux ratio was approximately 10 
45 
1.vhich approaches the criterion of an infinite reflux ratio. Several 
calculations of the nature m.entioned above ,vere ca;r·ried out and the 
average deviation was found to be approxim.ately 5% for both the 
12 
Fenske and the Winn methods. 
In the opinion of ·the author 9 no adequ~te rigorous method for 
the determination of the minimum number of stages for any separa-
tion has been presented. This is due to the fact that an adequate 
method for the determination of fractional stages has yet to be 
found. Until this problem can be overcome 9 the so-called short 
cut techniques of Fenske and Winn are the most reliable methods 
for the determination of the minimum number of stages. 
Many investigators have presented methods for calculation of 
the minimum reflux ratio. In the great majority of these, thesim-
plifying assumptions of constant molal overflow and constant rela-
tive volatility were applied. An additional assumption occasional-
ly made is that the distillate composition at a finite reflux ratio 
and nwnber of stages is identical. to the composition that would be 
obt.ained at an infinite number of stages and the minimum reflux· 
ratio. This last assumption has been shown to be in error (5). 
The methods of Bachelor (1) and R. Erbar (5) do not make the usual 
simplifying assumptions and are perhaps the most rigorous methods ,, 
available for the determination of the minimwn reflux ratio. 
Bachelor 0s work was the first which did not make the classical as-
sumptions of constant molal overflow and/or relative volatility. 
R. Erbar has modified Bachelorgs method to a rigorous plate by 
plate tray calcula.tion for the determination of the minimum reflux 
ratio. This method has been programmed for computer solution. 
R. Erbar also presents a comparison between her rigorous method 
and some short cut methods for determination of the minimum reflux 
ratio. UnderwoodVs (18) method was found to agr~e .bes-t,.wi:tb the 
13 
t):lleoretically correct values of JR, Erbar, The average difference 
between the results of the Underwood method and the results of the 
Erbar method was about 10%. This is excellent agreement. consider-
ing t.he fact that Underwood. assumes constant molal overflow and 
constant relative volatility. 
The qualitative statement can be :made that holding the number 
of stages constant, an increase in the percenta1r,e feed vaporization 
or increase in the feed temperature will require an increase in the 
reflux ratio to make the same distillate product. 'l'his statement 
may be proved rather simply for the case of binary mixtures by 
examining a McCabe-Thiele (15) d;i.agram as shown in F'igure 5. Fi-
gure 5a shows the fractionator o:iperating with a bubble JJoint feed 
and a given number of stag·es. li'igure 5b shows the same fractiona-
tor operating with a partially va1:iorized feed and the same nwnber 
of stages as Figure 5a. The reflux ratio in Figure 5a is less than 
the reflux ratio in Figure 5b. An analogous relationship holds 
for multicomponent systems. However, such a system cannot be con-
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Calculations used as a basis for the correlations to be ]?re-
sented later in this thesis were carried out on the IBM 650 Digital 
Comx.>Uter located on the Oklahoma Sta.te University campus. This 
co:m.puter is equipped witb immediate access storage, indexing regis-
ters, and floating decimal device. Although several programs were 
available for carrying out the calculations, in most instances 
these programs were not specifically suited to the needs of this 
problem and had to be either revised. or com1,iletely re-programmed. 
Bonner's (2) plate to plate program for the IBM 650 was 
av~ilable for use. However, Bonner's program has been fowid to be 
somewhat unreliable for "broad range" problems. The term "broad 
range" describes systems containi11g components whose boiling points 
vary widely •. A typical example of such a system would be the feed 
stream to a de-ethanizer. A stream of this nature· could contain 
all the normal paraffin hydrocarbons between methane andl n-decane. 
Such problems have been run with the Bonner program, but for only 
a few cases has a final solution been obtained. This necessitated 
the writing of a plate to J;>late program which would be more reli-
able and practically guarantee solution to th~ problem. The l)ro-
gram developed is based on the principles of the Thiele-Geddes (17) 
method and uses conventional Lewis and Matheson (8) tray 
15 
16 
calculations. This program has been adequately described in the 
literature (9,10) and no further description will be repeated in 
this thesis. 
A program for the calculation of the minimum number of stages 
was developed by the author (11) using both the methods of Fenske 
and Winn. R. Erbar (12.) developed a method and. program for the 
computation of the minimum reflux ratio. In addition, a program 
utilizing the Underwood method for the determination of the minimwn 
reflux ratio was developed by R. Erba1" (13). These programs were 
used to compute the data necessary for the correlations to be pre-
sented. 
The data used in this study were taken from the NGSMA Hand-
book (23). The vapor-liquid equilibria data were m~de available 
to the NGSMA by the Natural Gasol,ine Association of America. The 
enthalpy data are from the M. w. Kellogg Company. Although it is 
recognized t~at the enthalpy data are not the best available for . .,, . 
certain hydrocarbons·. it does, at least, present a set of data for 
the entire range of compounds studied in this thesis. These data 
offer the additional advantage that they are available to engineers 
at large. 
A number of plate to plate calculations were .carried out on 
six different feed streams at varying conditions of .reflux ratio 
and stages. The feed streams used in this investigation are pre-
sented in Table I. Pertinent oper~~ing pat~ are presented in 
Tab,les XVI throy.gh LVI. In each cas,e the pressure was specified 
so that the condenser temJlerature would be in the range of so°F to 




Feed Composition - Mols· 
Component 1 2 3 4 5 7 
cl 1 
c2 5 5 5 
c3 10 20 24 15 
iC4 20 20 15 15 10 
nC4 25 20 20 15 15 10 
iC5 25 20 20 15 15 10 
nC5 25 20 20 15 15 10 
C 
6 
25 20 10 15 10 10 
C7 10 
ClO 10 
Totals 100 100 ' 100 100 100 100 
TABLE II 
DISTILLATE RATES 
Feed Stream Fraction of Feed Removed 
Number As Distillate (D/F) 
1 0.25000 0.500 
2 0.20000 0.400 0.60 
3 0 .15761 0.300 0.50 
4 0.08266 0.245 0.40 0.55080 
5 0.30000 0.600 
7 0.08600 0.210 0.40 
18 
removed as distillate (D/F). for each fee~ stream are presented in 
Table II. The resulting component distributions were then used with 
the minimum number of stages program and the minimwn reflux ratio 
programs to determine the operat;i..ng limits for the calculated se-
parations. 
The resulting data were correlated by means of additional p7o-
grams using known statistical <::orrelations. These programs are in-
eluded. in the Beaton correlation program (21) for redu<::tion of the 
data to a matrix form and the computation of certain statistical 
terms. Selected output data of the Bea,ton :program lvere then used 
with.a multiple regression analysis program (22) for the final de-
termination of the relationship correlating minimuni and operating 
. ' 
reflux ratio and minimum and operating number of stages. 
To facilita~e problem interpretation and identificatio~, a 
unique problem numbering system was used. Each problem number con-
sists of ten digits and may be broken down as follows: 
FFVPP.DDDDD 
where: FF - refers to the feed composition nwnber 
V - .refers to feed condition ( 0 - bubble point feed; 
1 - partially or totally vaporized) 
PP - refers to the nwnber of y.>lates in the tower ( does 
not include the effect of the reboiler or partial 
condenser) 
DDDDD - refers to the fraction: of the feed removed as 
distillate product 
For example, :problem nwnber 01018.25200 means that: 
1. Feed composition number one was used. 
2. The feed to the fractionator is a bubble point liquid. 
3. There are 18 plates in ~he fractionator not counting the 
19 
reboiler. 
4. The total distillate product reJpresents 25.2% of the total 
feed to the fractionator. 
CHAPTER IV 
RESULTS 
The following pages contain the results of this investigation. 
The data from which these values were determined are presented in 
Appendices A and B. Data are presented in both tabular and graphi-
cal form. 
Several methods of correlating the minimum and operating re-
flux ratio and minimwn and operating number of stages were tried. 
The results of three of these methods of correlation will be pre-
sented and discussed below. The correlations will be presented in 
two different forms. One form will be used to describe the reflux 
ratio-plates relationship when using values of minimum reflux cal-
culated by the Erbar-Maddox rigorous method. Becaiise of the 
lengthy time conswming calculations involved in this method, a se-
cond correlation is presented based on the minimum reflux ratio as 
calculated by Underwood's method. Thirty-two different problems 
were used. in developing the correlations based on rigorous values 
of minimum reflux. Forty-one different problems were used in de-
veloping the correlations based on Underwood's values of minimum 
reflux ratio. 
Gilliland's Method 
Figure 6 shows a comparison between Gilliland's correlation 
and the results used. in this research. lt~igu,re 6 sbows a com1,ari-
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calculation and also the comr1arison based on Underwood's value of 
minimum reflux. Tables III, IV, V and VI compare actual values with 
values calculated from Gilliland's correlation and give the per-
centar;e error for each point. Table III compares the results of 
plate-to-plate calculations and Gilliland's corre~ation using rigo-
rous minimwn reflux values and considering reflux ratio as the in-
dependent variable and operating number of' theoretical stages as 
the dependent variable. Table V shows the same comparison based 
on Underwood values of minbmm reflux ratio. Table IV comJJares 
plate-to-plate r:esults with Gilliland's correlation using rigorous 
values of minimW!I reflmc and considering the <;>perating number of 
stages to be the independent variable and reflux rate to be the de-
pendent variable. Table VI shows the same comparison using Under-
wood values for minimwn reflux. 
Mason's Method 
Equations 5 and 6, Figures 7, 8, 9 and 10, and Tables III, IV, 
V and VI compare the calculated data of this research with two mo-
dified forms of Mason's correlation. 
(S - Sm) = 
(R-Rm) = 
<2 •22 >~·365 6~.479 
(n _ Rm>0.381 
(0.308)s!•317 R~.767 
(S _ Sm)l .424 
(5a) 
(5b) 
Equation 5, Figures 7 and 9, and Tables III and V are based on the 
Erbar-Maddox rigorous minimum reflux values. Equation 5a, Figure 7, 
and Table III consider the reflux ra~e to be the independent variable 
and operating number of stages to be the dependent variable. 
23 
TABLE III 
COMPAI1IS0N 01•' 'fHE HF~SULTS Oli' EQUATION 5a, GILLILAND COR.rmLA'l'ION 

































































































































































































COMPARISON OF THE RESULTS OF EQUATION 5b, GILLILAND CORRELATION 
AND DATA FROM PLATE TO PLATE CALCULATIONS 
Problem Plate to Modified Mason Gilliland 
Number Plate R %Error R %Error 
01018.25200 2.254 2.169 3.741 2.186 3.016 
01028.25200 1.891 1.922 1.616 1.869 1.194 
01038.25200 1.802 1.812 0.559 1.777 1.371 
01038.50000 6.259 5.148 17.753 6.253 0.105 
01048 .• 50000 5.300 4.686 11.587 5.254 o •. 859 
01058.50000 4.789 4.525 5.513 4.803 0.278 
01068.50000 4.520 4.358 3.578 4.473 1.041 
02026.20000 9.686 7.614 22.426 9.272 4.276 
02041.20000 9.005 6.249 10.750 6.687 4.532 
02058.20000 6.343 6.050 4.623 6.128 3.389 
02024.40000 1.426 1.529 7.240 1.553 B.960 
02040.60000 4.166 6.538 56.925 8.939 114.561 
02050.60000 3.471 4.764 37.232 6.053 74.380 
03016.15761 2.100 2.093 0.319 2.017 3.948 
03021.30000 6.005 6.115 1.836 7.713 28.439 
03031.30000 4.623 4.909 6.183 5.343 15.572 
03017.50000 1.179 1.075 8.843 1.158 1.803 
03027.50000 1.013 0.998 1.502 0.977 3.540 
04015.24500 2.627 2.357 10.287 2.517 4.180 
04025.24500 2.003 2.071 3.388 2.017 0.706 
04025.40000 4.295 3.682 14.270 4.847 1.287 
04035.40000 3.236 2.936 9.272 3.454 6.711 
04019.55080 1.056 0.839 20.509 1.124 6.495 
04029.55080 0.870 0.719 17.338 0.823 5.386 
05016.30000 2.705 2.475 8.499 2.721 o.566 
05026.30000 2.064 2.124 2.953 2.088 1.197 
05020.60000 1.199 1.209 0.826 1.674 ::rn.656 
05030.60000 0.999 1.129 12.998 1.393 39.467 
07019.40000 1.0153 0.921 9.330 1.139 11.387 
07033.40000 o.791 0.836 5~705 0.881 11.406 
Average absolute difference 10.588 13.327 
TABLE V 
COMPARISON OI•' '!'HE RESULTS 01'' EQUA'I'ION 6a, GILLILAND CORFIJ~LATION 
AND DATA F'ROM PLATE 'l'O PLA'l'E CALCULATIONS 
_, ____ ,_.,., ___ ,_...._,,_,,_,.,-... ,,_,..--,_,..,...,.,_ .. _~• .. --,..,u,H __ ,. ___ ,,. __________ 
F'ro bl em, Plate to Modified J\ilason Gilliland. 
Number Plate 1'"1 ,:, % Error s % f~rror 
01018.25200 19.0 ~~5~2716 ;33 .033 14.887 ~n .648 
0102,8. 252(}0 29 .o ;27 0 472 5.269 17.155 40.857 
01038.25200 ;rn .o 26. 51~3 ;32. 018 1 11. ~)45 61.681 
01048. 25,200 4(0 .o ;27 0 7.29 4:3. 410 15.441 68.486 
01038.50000 ~'59. 0 37. :n1 4.331 ~56.883 5.428 
01048.50000 49.0 ,lQ e 690 16.660 4r:i.321 7.495 
01058.50000 59.0 43.316 26.583 53.632 9.148 
01068. 500()0 69.0 45.576 33. fJ48 61.500 10.B69 
02026.20000 .27 .o 30.297 62.209 25. 79!::il 4.451 
02041.20000 42.0 35.945 14.417 39.348 6.,312 
02058.20000 59.0 41.107 30.327 55.103 6.606 
02024. 4:0000 25.0 29.858 19.433 2<1,.'79t) 0,,904 
02034.40000 35.0 31.740 9 .314: 24.890 28.881 
02044.40000 45.0 31.448 30.115 21.642 31.907 
02040.60000 41.0 .45. 689 11.437 55.681 35.809 
02050.60000 51.0 50.852 0.289 78.492 53.905 
02060.60000 61.0 57.726 t5. 368 108.908 78.338 
03016.15761 17.0 23.678 39.284 8.387 50.666 
03026.15761 27.0 23.822 11. 771 7.946 70.569 
03021.30000 22.0 28.906 31.390 23.963 8.922 
03031.30000 32.0 33.925 6.015 36.836 15.110 
03017.50000 18.0 25.652 42.512 16.598 7.787 
03027.50000 28.0 28.841 3.003 21.448 23.401 
04013.08266 15.0 21.186 41.237 5.183 65.446 
04023.08266 25.0 19.787 20.851 3.811 84.756 
04015.24500 17.0 24.042 41. 4~?:4 14.03,8 17.424: 
04025.24500 27.0 27.335 1.241 17.989 33.371 
04025.40000 27.0 51.181 91.800 29.550 9.450 
04035.40000 37.0 37.124 0.335 42,. 232 14.140 
04019.55080 21.0 27.183 29. 44,3 2.2. 239 5.900 
04029.55080 31.0 30.912 0.285 31.215 0.694 
05016.30000 18.0 25.402 41.122 16 .'703 7.207 
05026.30000 28.0 29.724 6.158 22.840 18.430 
05020.60000 22.0 30.123 36.924 2,8 .386 2:9.028 
05030.60000 32.0 36.949 15.465 ·16. 684 45.889 
07016.08600 18.0 13. !)74 22.365 2.370 86.833 
07031.08600 ;33. 0 16.286 50.648 2.511 92.392 
07017.21000 19.0 24. 39~'\I 28. ;584 13.135 30.868 
07032:. 21000 :'M.O 230229' 31.680 9.310 ?2.619 
07019.40000 21.0 29.851 42.147 2.665 26.885 
07033.40000 35.0 30.535 12,. 758 30.684 12.331 
Average absolute difference 23 .123% 32.837% 
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TABLE VI 
COMPARISON OF THE RESULTS OF EQUATION 6b, GILLILAND CORRELATION 
AND DATA FROM PLATE TO PLATE CALCULATIONS 
' 
Problem Plate to Modified Mason Gilliland 
Number Plate R %Error R %Error 
01018.25200 2.254 2.468 9.507 1.871 16.997 
01028.25200 1.891 2.127 12.480 1.607 15.336 
01038.25200 1.802 1.896 5.199 1.463 8.722 
01048.25200 1.700 1.830 7.635 1.457 14.314 
01038.50000 6.259 4.123 34.1::n 5.'768 7 .851 
01048.50000 5.300 4.052 23.542 4.835 8.762 
01058.50000 4.789 4.011 16.252 4.362 s.926 
01068.50000 4.520 3.991 11.204 4.121 8.838 
02026.20000 9.686 6.437 33.540 9.067 6.383 
02041.20000 7.005 6.069 13.360 6.562 6.321 
02058.20000 6.343 6.001 5.388 6.021 5.077 
02024.40000 1.426 1.733 21.497 1.382 3.117 
02034.40000 1.292 1.569 21.401 1.171 9.394 
02044.40000 1.212 1,442 18.440 1.021 16.159 
02040.60000 4.166 3,679 11.690 8.400 91.639 
02050,60000 3.471 3.514 1.236 5.645 62.601 
02060.60000 3.133 3.430 9,497 4.642 48.170 
03016.15761 2 •. 100 2.412 14,889 1.542 26.552 
03026.15761 1.918 2,026 5.661 1,414 26.269 
03021.30000 6.005 5.043 16.015 7.225 20.315 
03031. 30000 4.623 4.707 1.823 5.032 8.85.6 
03017.50000 1.179 1.412 19.762 1.058 10,239 
03027.50000 1.013 1.238 22.199 0.887 12.488 
04013.08266 2.520 2.505 0.619 1.524 39.553 
04023.08266 2.014 1.524 24.352 0.946 53.062 
04015.24500 2.627 2.576 1.921 2.126 19.049 
04025.24500 2.003 2.226 11.105 1.680 15.640 
04025.40000 4.295 7.792 81.446 4.530 5.465 
04035.40000 3.236 3.029 6 •. 414 3.733 15. 349 
04019.55080 1.006 1.092 3,434 1.145 8.412 
04029,55080 o.a10 0.923 6.104 0,844 2.930 
05016.30000 2.705 2.759 1.977 2.474 8.557 
05026.30000 2.064 2.395 16.042 1.896 8.116 
05020.60000 1.199 1.405 17.203 1.742 45.301 
05030.60000 0.999 1.244 24.572 1.405 40.608 
07016.08600 1.008 0.223 77.929 0.055 94.539 
07031.08600 0.831 0.286 65.564 0.11:i. 86.599 
07017~21000 2.344 2.468 5.290 1.813 22.676 
07032.21000 1.562 1.486 4.866 1.061 32.100 
07019.40000 1.015 1.337 31.697 1.257 23.801 
07033.40000 0,791 0.780 1.438 0.663 16.177 
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Equation 5b 9 Figure 9 9 and Table V consider operating number of 
stages the independen~ variable and reflux rate the dependent vari-
able. 
Equation 6, Figures 8 and 10 9 and Tables IV and VI compare the 
modified Mason equation with the calculated data when using Under-
wood 0s values for minimum reflux ratio. 
(S ~ Sm) = 
(R-Rm) = 
(20.35)~.149 s~ol57 
(R _ Rm)0.206 
c4 • 65>8;o.3o6 ~.539 
(S _ Sm)O. 577 
( 6a) 
(6b) 
Equation 6a, Figure 8 9 and Table IV consider reflux rate the inde-
pendent'variable and operating number of stages the dependent vari-
able. Equation ~b 9 Figure lOi and Table VI con~ider operating num-
ber of stages the independent variable and reflux rate the depen- ·· 
dent variable. 
New Method of Correlation 
Figures 11 9 !la, 12, 12a'l along with Tables VII and VIII show 
the proposed new correlation method. Figure !la and 12a are ra,v 
data plots based on calculated data. Fig~res 11 and 12 are the 
smoothed and generalized plots recom.mended·for use. Examination 
of the errors in Tables VII and VIII shows that the new correlation 
of reflux ratio and plates offers great advantage over the other 
co·rrelation attempts. 
Feed Flash Correlation 
Twenty-five plate-to plate calculations were made to investi-






1.0 Ll::s Or CONSTANT (L~ ···•· · 
0.8 ,Q.8 
O·s .o.& . 
0.2· 
- - EXTRAPOLATED 
BASED ON ERBAR- MADDOX RM 
0..._ __ __,_ __ ~---------------------
0 '0.4 
s 1s· M· 
0.6 
FIGURE 1 t 
0.8 . , 1.0 
PROPOSED CORRELATION OF. MINIMUr'v1 







. ·. :.> 
0.2 . BASED ON ERBAR .. MADDOX RM 
o ______________ ..,.._ __ _._ ________ __ 
0 .. 0.2 0.4 .. 0.6 0.8 · ', 1.0 
· FJGURE 1· 1 a .· 
. . . 
RAW DAT A PLOTTED IN THE FORM OF 
·" THE PROPOSED . CORRELATION ·· 
33 
> 
' 0 ....I 
34 









0.4 . 0.4 , 
- 0.3---
0.2 --EXTRAPOLATED 
BASED ON UNDERWOOD RM 
0 
0 0.2 0.4 0.6· 0.8 1.0 
SM/5 
FIGURE 12 
· PROPOSED, CORRELATI.ON OF MINIMUM 
AND OPERATING· REFLUX RATIO 
· AND STAGES· 
. \ 
->· 
' .0 _J 
1.0 
0.2 
BA~EP ON UNDERWOOD RM 
.- . (i . 
0----------------~----~~---~--o 0.2 0.4 0.6 0.8 1.0 . 
s ·1s · .M . 
FIGURE .. : 12a . 
:RAW DATA PLOTTED IN THE FORM. ·oF 




COMPARISON OF THE RESULTS OF FIGURE 11 AND DATA 
FROM PLATE TO PLATE CALCULATIONS 
Problem (Sm/ S) (L/V)min (L/V) (L/V) op %Error Number 
. op op 
E-M CALC CORR 
01018.25200 o.386 0.664 0.692 0.692 o.oo 
01028.25200 0.244 0.648 0.655 0.655 o.oo 
01038.25200 0.162 0.640 0.645 0.645 o.oo 
01048.25200 0.122 0.594 o.630 0.597 5.24 
01038.50000 0.645 0.787 0.862 0.848 1.62 
01048.50000 0.516 o.792 0.840 0.840 o.oo 
01058.50000 o.soo 0.797 0.826 0.830 0.48 
01068.50000 0.450 0.797 0.820 0.825 o.e1 
02026.20000 0.680 0.840 0.907 o.898 0.99 
02041.20000 0.502 0.840 0.875 0.865 1.14 
02058.20000 0.423 0.847 0.865 0.865 o.oo 
02024.40000 0.399 0.576 0.586 0.605 3.24 
02040.60000 0.795 0.755 0.805 0.810 0.62 
02050.60000 0.692 0.760 0.780 0.782 0.26 
03016,15761 0.231 0.666 0.678 0.675 0.44 
03021.30000 0.698 0.831 0.858 0.890 3.73 
03031.30000 0.531 0.805 0.825 0.833 0.97 
03017.50000 0.438 0.476 0.540 0.540 o.oo 
03027.50000 0.298 0.482 0.505 0.505 o.oo 
04013.08266 0.190 0.693 0.717 0.700 2.37 
04015.24500 0.447 0.667 0.725 0.705 2.76 
04025.24500 0.288 0.663 0,667 0.671 0.60 
04025.40000 0.717 a.ass 0.810 0.785 3.09 
04035.40000 0.600 0.658 o.740 0.725 2.03 
04019.55080 o.566 0.378 o.~13 0.500 2.54 
04029.55080 0.465 0.372 0.465 0.450 3~22 
05016.30000 0,512 0.67.0 o.730 0.720 1.37 
05026.30000 0.320 0.665 0.675 0.685 1.48 
05020.60000 0.630 0.443 0.550 0.550 o.oo 
05030.60000 0.558 0.460 0.500 o.535 7.00 
07017.21000 0.354 o .• 665 0.701 0.690 1.57 
07019.40000 0.528 0.415 0.505 0.500 0.99 
07033.40000 0.415 0.421 0.440 0.420 4.55 
Average absolute difference 1.60% 
TABLE VIII 
COMPARISON OF THE RESUL'I'S Ol•' FIGURE 12 AND DA'l'A 
li'ROJ'.II PLATE TO PLATE CALCULATIONS 
Problem (Sm/ S) (LjV) . (L/V) (L/V) 
Number 
min op op 
uw CALC CORR 
01018.25200 0.386 0.625 0.692 0.655 
01028.25200 0.24'.i: o. 617 0.655 0.635 
01038.25200 0.162 0.595 0. 6•15 0.600 
01048.25200 0.122 0.592 0.630 0.598 
01038.50000 0.645 0.770 0.862 0.845 
01048.50000 0.566 0.779 0.8.40 0.835 
01058.50000 o.5oo 0.780 0.826 0.830 
01068.50000 0.450 0.782 0.820 0.819 
02026.20000 0.680 0.837 0.907 0.895 
02041.20000 0.502 0.845 0.875 0.875 
02058.20000 0.423 0.845 0.865 0.865 
02024.40000 0.399 0.545 0.576 0.576 
02034.40000 0.248 o.545 0.565 0.555 
02044.40000 0.162 0.527 0.555 0.532 
02040.60000 o.795 0.740 0.805 0.875 
02050.60000 0.692 0.750 0.780 0.840 
02060.60000 0.617 0.750 0.760 0.817 
03016.15761 0.231 0.610 0.678 0.620 
03026.15761 0.134 0.580 o.655 0.590 
03021.30000 0.698 0.783 0.858 0.858 
03031.30000 0.531 0.775 o .• s2s 0.825 
03017.50000 o.438 0.453 0.540 0.505 
03027.50000 0.298 0.456 0.505 0.480 
04015.24500 0.447 0.625 0.725 0.667 
04025.24500 0.288 0.621 0.667 0.640 
04025.40000 0.717 0.700 0.810 0.810 
04035.40000 0.600 0.707 0.740 0.770 
04019.55080 0.566 0.382 0.513 0.470 
04029.55080 0.465 0.379 0.465 0.440 
05016.30000 0.512 0.645 0.730 0.701 
05026.30000 0.320 o.642 0.675 0.661 
05020.60000 0.630 0.456 o.550 0.555 
05030.60000 o.558 0.462 0.500 0.531 
07017.21000 0.354 0.625 0.701 0.650 
07032.21000 0.135 0.515 0.615 0.520 
0~1019. 40000 o.528 0.447 0.505 0.510 
07033.40000 0.415 0.345 0.440 0.400 










































calculations are summarized in Table IX. In order to obtain these 
data 1 it was necessary to modify slightly the basic plate-to-plate 
program. Through these modifications it was possilJle to specify the 
composition of the key comi:ionents in the overhead and bottom streams, 
With a specified nwnber of plates, the program would adjust the re-
flux ratio until a value of reflux was found which would give es-
sentially the same distillate composition as had been derived from 
another solution of the same problem. 
Figure 13 shows a typical curve relating reflux ratio and per= 
centage feed var)Orization. The proposed correlation to represent 
this change is shown in Equation 7. 
( D\ ( f f ) l --y} HFu-HFk 
Vlu =Vlk+ Qc)' 
(LcT k 
(7) 
The degree to which this equation represents the calculated data 
is also shown in Figure 13 and Table IX. 
0 
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TABLE IX 
COMPARISON OF' THE RESULTS QIP EQUATION 7 
AND CALCULATED DATA 
Problem % Feed Calculated Predicted 
Number Vaporization Lo/D L0 /D 
02126.20000 19.6 10.547 10.733 
41.0 11. 592 11. 793 
60.2 12.463 12.777 
79.7 13.474 13.799 
100.0 14.653 14.923 
02124.40000 25.7 1.807 1.924 
50.8 2.299 2.406 
75.2 2.846 2.884 
100.0 3.540 3.398 
02150.60000 19.6 3.571 3.627 
41.0 3.737 3.787 
60.2 3.920 3.931 
79.7 4.123 4.083 
100.0 4.380 4.250 
03116.15761 25.8 3.230 4.070 
49.9 4.411 5.781 
100.0 7.277 9.406 
03121.30000 25.4 6.790 6.883 
50.0 7.426 7.614 
72.3 8.108 8.290 
100.0 9.137 9.099 
04125.40000 24.8 4.685 4.870 
50.4 5.306 5.399 
68.8 5.631 5.783 
100.0 6.448 6.461 
Average absolute dif.ference 5.31% 
Average absolute difference omitting 
data of Problem 03116.15761 2.26% 
Average absolute difference 





























DISCUSSION OF RESULTS 
Reference to Tables XVI through LVI will show that the Ro Erbar 
method for the determination of the minimum reflux ratio was not ap-
plied to all s·eparations. In certain cases, inconsistencies in the 
enthalpy data caused cycling in the tray calculations of the pro-
gram developed to compute the minimum reflux ratio by the Ro Erbar 
method, This cycling extended the time requirement from approxi-
mately two and one-half hours to ten hours per problem. Such ex-
tended time requirements made impractical the solution of some prob-
lems by this method. For this reason, plus the fact that two cor-
relations were desired, calculations were carried out based on the 
Underwood method. This method has aiso been programmed fo.r com-
puter solution and is much shorter than the Erbar method. 
In several cases, t~e:R. Ei'bar method predi,cted a minimum reflux 
ratio that was greater than the reflux ratio used in the plate-to-
plate solution of the problem. This inconsistency stems from a 
lack of a consistent set of enthalpy and equilibrium data. Problems 
exhibiting this characteristic were not included in any of the cor-
relations. 
The location of the feed plate in the original plate-to-plate 
calculations was determined in the following manner: 
1. The minimum number of stages was calculated by the Fenske equation. 
41 
42 
2. Using the relative volatility data calculated in Step 1, a 
Fenske calculation was carried out substituting the feed compo-
sition for the bottoms composition. 
3. The ratio of the minimum number of stages in the enriching 
section to the total minimwn number of stages was multiplied by 
the operating number of stages to determine the final feed 
plate location. 
Although it is recognized that th.is method may not give the optimum 
feed location with respect to operating conditions, it is a good 
approximation (3). Determination of the optimum feed location would 
be a long, arduous task if attempted using the J. Erbar-Maddox plate-
to-plate program. Al thougl) no comparisons were carried out, it is 
the opinion of. the author that no significant difference would re-
sult in the product distributions from the feed plate located in the 
above manner and located optimumly. 
As ment~oned previously, the correlation of the minimum and 
operating reflux ratio and the minimum and operating number of stages 
were based on bubble point feeds in every case. This restriction 
was placed on the feed condition in the hope that a more consistent 
set of data would be obtained. No attempt was made to include in 
the reflux ratio-plates correlations any feed which was partially 
vaporized at tower conditions. 
In calculating the data for the various correlations, the same 
thermodynamic data sources were used in all problems. For the 
plate-to-plate calculation, the vapor-liquid equilibria data had 
to be converted to relative volatilities before the calculation 
could be carried out. For the determination of the minimwn. 
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parameters, the thermodynamic data for each problem were simply 
transferred from one Ilrogram deck to another. Here again the pur-
pose was to be as consistent as possible. 
Correlation of the data for the mi,nimum and operating reflux 
ratio and minimum and operating number of stages was accom.plished 
by use of statistical methods and empirical curve fitting. The 
statistical methods have be.en programmed for computer solution and 
are avail~ble through International Business Machines Corporation. 
Two separate methods of correlating the minimum and oper~ting para-
meters are presented. Within each of these methods, two relation-
ships based on different methods of calculation of the minimum re-
flux rate are gi,ven. The .reasons for presenting the data for dif-
ferent sources of minimwn re.flux ratio data are: 
1. The Erbar-Maddox method for the determination of the minimum 
reflux ratio is an extremely long, time consuming calculation 
even on the digital computer. This method is not suited to 
hand computation. 
2. To point out that consistent methods for the determination of 
the minimum parameters must be used if a correlation is·to be 
expected to give reliable results. 
3 0 To allow the design engineer some flexibility in the choice of 
calculation methods he wishes to use. 
Based on the results of a comparison of different methods of 
computing the miniinwn reflux ratio carried out by R. Erbar, the de-
cision was made to use the Underwood method as an alternative me-
th9d for the prediction of minimum reflux ratios. This method 
gave the smallest deviation of any of the methods compared by 
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R. Erbar. 'l'he results of Morrison's work indicated the Winn method 
of computing the minimum: number of stages was the loetter of the two 
short cut methods available. 
The major l)roblem in the correlation of the minimum and OJ)erat-
ing number of stag;es was that of determining the form to be us<~d. 
Here again, several alternative methods were tried and~ one by one, 
eliminated. The data were plotted in the form originally used by 
Gilliland. The resul t,iil of' tid~i plotting are shown in l1'ii;ure 6. As 
:found by Gilliland, com:dderable scatter around the central line 
was noted. The method. suggested by Underwood. and later modified by 
Mason was also used. Statistical methods for the determination of 
the constants of Equations 5 and 6 were used. The results of these 
computations are shown in I•'igures 7, 8, 9, and 10. As with the 
Gilliland method of correlation, considerable scatter around the 
computed line was fotmd. 
Dissatisfaction with the ability of these correlations to ade-
quately represent the data of this investigation prompted the de-
velopment of a new method for correlating the minimum and operating 
reflux ratio and the minimum and operating nwnber of stag;es. 'fhis 
development is based on the two limits of fractionator operation. 
These limits are the minimum reflux rati.o which occurs at an in-
finite ntunber of stages and the mii;limum number of stages which oc-
curs at an infinite reflux ratio. Consideration of the nU1111ber of 
stages between these two limits showed that the ratio (Sm/ S) would 
vary between zero and unity for all cases of fractionator operation. 
Further consideration of the limiting conditions indicated that the 
reflux ratio could not be so conveniently handled. Another way of 
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expressing the reflux ratio is by th·e term (L0 / V1) which is related 
to the reflux ratio by 
(8) 
Examination of the ratio (L0 / V1) at the limiting conditions showed 
that it reached a maximum value of oz1e at the minimum number of 
stages. This ratio, while never zero, can then vary between zero 
and one. Based on the above reasoning 9 a good assumption would be 
that points between the limiting conditions could be connected with 
minimum values [<Lo /V1~, Sm/S = 0 9 L0 /V1 = Sm/S = 1~ by a smooth 
curve. Rather than a single curve pertaining to all separations~ 
the proposed method would have a family of curves each for a par= 
ticular minimum (L0 / V1) ratio. Such curves could be inter1:iolated to 
determine the conditions of operating stages and (L0 / V1) ratio. 
Plots of the data of this in~estigation have verified the 
reasonableness of the assumption regarding the curves connecting 
the minimum conditions and operating conditions. As a general rule 
the shape of such curves is of the e:,cponential form g 
(9) 
where: c > 1 
In certain cases, plots of the data indicated that the exponent, c, 
should be between zero and unity. '£his occurred. in only three 
or four cases and was presumed to indicate that the points 
were in error. 
Two generalized plots (Figures 11 and 12) correlating (L0 /V1\p~ 
(L0 /V1)m, and Sm/S were developed from the data of this inves-
tigation. The parameters (L0 /V1)m were adjusted to give the 
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best correlation possible from this datao Use of these charts is 
quite simple: 
1. Compute the minimum parameters, Sm, Rm 
2. Compute the ratios Sm/S and (L0 /V1)m 
3. Locate the point Sm/Sand (L0 /V1)m by use of the abscis-
sa and the parameters of the chart 
4. Read ( L 0 /V1) op from the ordinate 
5. Convert (L 0 /V1) to R if necessary (Equation 8) op op 
Although it is recognized that the proposed correlations may be dif-
ficul t to use in the region O >Sm/ S > 0 .1, this is not a serious 
limitation in that seldom does fractionator operation fall within 
this areao If values of Sm/S less than O.l are encountered and 
(L0 /V1) is greater than 0.7 a good approximation of the curve m . 
can be made by a straight line connecting ~~/S = O, (L0 /V1>m] and 
~m / S = 1, (L0 / V1) = aj. Unless an unusual situation is encountered 
values of (L0 /V1\p or S determined in this fashion will always 
be high. 
Other authors (4 97,14) have pointed out that their correlation 
of minimwn and operatin1; reflux ratio and minimum and operating 
number of stages may not adequately represent the data of a :parti= 
cular problem~ For these cases they recommend. the construction of 
a line through a known point parallel to their correlating lineo A 
similar situation may be encountered wi·th the proposed correlation. 
In these instances the reco1mnended Jirocedure is to simply draw a 
smooth curve through the minimum J,:ioin.ts ~, (L0 /V1)m 9 1~ 1] and 
the known point gsm/S) 0 p, (L0 /V1) 0 p]. The resulting curve should 
establish combinations of S. and L/V for other 01)erating cond:j. tions" 
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The data of this investigation were plotted in the form sug-
gested by Underwood, that is, log (S-S~) as a function of log (R-Rml. 
Two items of interest were found from these plots. The first was 
that the slope of the lines connecting similar separations was al-
most constant for all the data plotted. This fact indicates that 
previously mentioned methods of handling data removed from the cor-
relation line are valid. The second item of interest is that the 
constant, C, of Underwood is not a constant but some function of the 
minimum number of stages and reflux ratio. Mason has assumed that 
I a C the functional relationship of C, Rm, and Sm is C = C Rm • Sm • The 
accuracy of this assumption can neither be refuted nor verified 
from the results of this investigation. 
As stated previously an expression of correlation similar to 
that presented by Mason was developed. These expressions did not 
satisfactorily represent the data of this investigation. This 
fault may be attributed to several items. Among these are: 
1. Lack of an adequate mathematical expression relating 
C, Rm, and Sm 
2. Inadequate statistical methods 
3. Poor or unreliable data 
In the opinion of the author the principal source of difficulty 
was in the expression C as a function of C', Rm, and Sm• Working 
plots of Figure 7 have shown that the slope of the lines connect-
ing similar separations have almost the same slope as the corre-
lating line. These lines of similar separation are, however, dis-
placed from the correlating line. This indicates that the relation 
C = C I R;! s;· is not adequate to represent the data. :Et~igure 8 
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presents an even worse picture for this method of correlation. Not 
only are the lines of similar separation removed from the correlating 
line but the slope of these lines is quite different from that of 
the correlating line. These differences may be attributed. in J;art 
to the lack of proper statistical method and to the fact that the 
minimum reflux ratios used in this c<:>rrelation were not rigorous 
values. 
The correlations based on Mason's method were compared withone 
of the existing correlations (Gilliland's). The data for the com-
parison were obtained by: 
1. Calculating ~Sand ~R from the experimental data 
2. Reading from Gilliland' s curve values of ~~ and ¢~ cor-
responding to the calculated values of 0R and ~S 
3. Using resulting data to calculate Sand R based on the ex-
perimental minimum quantity 
As shown by Tables III through VIII, in each case the average de-
viation between the experimental and predicted data was smaller for 
the proposed correlations. Further checking reveals that maximum 
deviation between the data is less for the P~?posed equations. 
A comparison of results of developed correlations and the ex-
perimental data was made. This comparison indicates the proposed 
method reproduces the experimental data within ± 2 .0% for the mini~ 
mum (L0 /Vi) based on the Erbar-Maddox mi~imum reflux ratio method. 
The average error for the proposed method when using Underwood's 
method of dete:rmining the minimum reflux is approximately :!: 5.0%. 
Percentage differences between the experimental data and values 
predicted by Equations 5a and 5b are approximately :!::10% to 12% • 
49 
These differences for Equations 6a and 6b are :!: 15% to 20%. Equa-
tions 6a and 6b are based on data from the Underwood method of com-
puting the minimum reflux ratio. 
'l'he derivation of Equation 7 was empirical. Tables X through 
XV and IPigure 1~5 ,show nearly a uniform increase in the reflux ratio 
and condenser duty with increasing percentage feed vaporization. 
Various methods of predicting this increase were tried and Equation 
7 was found to fit the data best. Two assumptions were made in the 
derivation of Equation 7. They are~ 
1. 'I'he latent heat of condensatio.n of the vapor leavin11; the 
top tray of a fractionator will not vary appreciably for 
different reflt~ ratios. 
2. The sensible heat effects in the condenser are negligible 
when compared 'l'd th the latent heat effects. 
The first assmnption implies that there will be a small change in 
the composition of the vapor leaving the top tray for varied re-
flux ratios. In the case of a total condenser where the reflux 
and the distillate have the same composition, this a.ssumption is 
valid unless there is more than a negligible change in the comJ)o-
sition of the distillate product. For the case of a partial con-
denser with a vapor distillate product, the first assumption may 
or may not be valid. Consider, for examiile, the case 1,1,rl1ere the re-
flux ratio is very small for a bubl:.,le point feed and the slope of 
the line relating the reflux ratio and percentage feed vaporization 
is large. Significant increases in the percentage feed vaporiza-
tion would cause rather large changes in the reflux ratio and 
therefore, cause rather large changes in the composition of the 
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vapor leaving the top tray. In these cases, Equation 7 could not 
be expected to predict the reflux ratio for varying percentage feed 
vaporizations adequately. Furthermore, Equation 7 has been tested 
only between the bubble point and the dew point of the various feed 
streams and may not be reliable outside this range. Tentative re-
sults, based on only three cases indicate that Equation 7 c~nnotbe 
used to predict the changes in the minimum reflux ratio for varying 
feed conditions. 
The data of Table IX and Tables X through XV tend to indicate 
that.Equation 7 is more reliable for "sharp separations." A "sharp 
separation" may be thought of as a separation. wherein no component 
heavier than the heavy key appears in the distillate and no compo-
nent lighter than the light key appears in the bottoms product from 
a fractionator. All of the data presented in Table IX, with the 
exception of the data from Problem 03116.15761, are for sharp ee-
parations. This problem results in a fairly '''sloppy" separation 9 
for considerable quantities of both the light and. heavy keys ap-
pear in botb the distillate and bottoms product. Also, there is a 
considerable quantity of the lightest comi:1one11t in the .feed il'l. the 
bottoms product. 
Equation 7 points out ve.ry clearly that the assumptions that 
all of the increase in feed enthalpy will go either to the conden-
ser or to the reboiler are invalid. In effectj Equation 7 says 
that any increase in the feed enthalpy will be distributed to the 
condenser and reboiler heat ditties by the relationships: 
(BjF)(6HfF) ~ Qc - an increase Tri the condenser load 
(DjF)(AHfF) ~ -Qz.. - a decrease in the reboiler load 
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Knowledge of these distributions will allow better JJreliminary cost 
estimations for fractionating columns and auxiliary equipment. For 
example, consider the case where the design engineer has a fair 
idea of the overhead product composition. He wishes to determine 
the optimum combination of condenser cost, fractionator cost, and 
reboiler cost. Increasing the percentage feed vaporization may in-
crease the fractionator cost through the requirement of a larger 
column. There will be an increase in the condenser cost because a 
larger condenser is required to handle the increased heat duty. A 
smaller reboiler will be required. To design the optimum fractio-
nator, both from an initial investment cost standpoint and the 
operating cost standpoint, the optimum combination of fractionator 
and accessory equipment must be found. Application of Equation 7 
will allow the process engineer to rapidly make such a determina-
tion. 
Equation 7 is also intended for use with the developed cor-
relations of minimum and operating reflux ratio and minimum and 
operating stages. All correlations of minimum and operating reflux 
ratio, andl minimum and operating stages are based on bubble point 
feeds. If the feed condition is known to be a partially va1Jorized 
feed, short cut calculations may be carried out :using conventional 
calculations for the determination of the various parameters for a 
bubble point feed. The operating reflux ratio for the bubble point 
feed may be determined. Equation 7 may then be applied to determine 
the reflux ratio for the particular feed condition at hand. As 
stated previously .. ,, Equation '7 has been derived and checked for ope-
rating reflux ratios ancll cannot be used with miu.immn reflux ratios. 
52 
The relationship developed for the correlation of the reflux 
ratio and percentage feed vaporization should not be affected ap-
preciably by changing the source of enthalpy data. For the case of 
the total condenser where the distillate, reflux, and the top tray 
vapor have the same composition, no noticeable effect should be 
fo.und. In the case of the partial condenser, more error will pro-
bably be encountered. If enthalpy data which are composition de-
pendent are employed, the effect will be somewhat greater. However, 
even in this case, a great effect should not be notic.ed. 
Either of the proposed correlations, the proposed method or the 
form of Mason, can be used to predict operating reflux ratio and 
plates. Since the proposed method appears to give better results, 
its use is of course, recommended. In the application of these 
correlations, the basis on which they were derived must be remembered. 
These are: 
1. A specific set of .thermodynamic data (NGAA K values and 
M. W. Kellogg enthalpy data). 
2. The manner in which the minimum parameters were determined. 
3. A feed condition co~responding to a bubble point feed at 
to~er conditions. 
If these conditions are not satisfied neither of the correlations 
can be expected to give reliable results. If the feed is· partially 
vaporized at tower conditions calculations for minimum parameters 
should be carried out for a bubble point feed. The operating condi-
tions for the fr&,c.t_ionator at a bubble point feed can then be deter-
mined by use of one of the proposed correlations. The reflux ratio then 
can be adjusted to account for the partially vapori~ed feed by means of 
' \' ' ' 
Equation 7. 
CHAPTER VI 
CONCLUS10NS AND RECOMMENDATIONS 
Lack of adequate correlations in the area of short distillation 
calculations has JJrompted the development of new and better corre= 
lations. The correlations developed in this investigation are 
based on data which are easily available to the average engineer. 
In addition, the relationships are presented in such a form that 
they may be applied to either hand calculation or machine computa-
tion. 
The correlations presented are: 
1. Cor1:>elations relating minimum and operatin1; stages and minimum 
and operating reflux ratio. 
2. A relationship expressing the change in reflux ratio necessary 
to make approximately the same se:paration as a function of 
percentage feed vaporization. 
Correlations relating the o:perating; and minimum parameters are pre-
sented using the methods of previous investigators. A new method 
for the correlation of these parameters was developed and is pre-
sented. These relationships are based on 30 or more plate-to-plate 
calculations and rigorous or a:pproxi1nate methods for t111:1 determina-
tion of the minimum parameters. 
These correlations should be extremely useful to the process 
engineer in any preliminary design calculation involving fractio-
nation problems, Based upon separations predicted b;y the Winn 
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method or the :fenske method, and the minimum number of stag:es com-
puted by the previously mentioned methods, and the minimum reflux 
ratio calculated by the Underwood method, the engineer may rapidly 
. . ' 
and more accurately determine tlie ultimate fractionator to be used 
to perform a g.i ven separation. Ir1 adcl!i tion, one of the relation-
ships presented may offer some use to the instrumentation engineer 
in control of fractionation columns. 1'he relationship of feed va-
porization and reflux ratio is not intended to be a final correla-
tion but merely to serve to indicate that such a correlation exists 
and to stimulate interest in the betterment and further development 
of similar expressions. 
Based on some of the results of this thesis, it can be con-
eluded that the engineer today sorely needs a better set of enthalpy 
and equilibrium datao It is hoped that the results of this thesis 












N 26 s 
Nfp 13 
L/D 9.68567 
7 q· 1 0 90 X 10 
C 7 
~ I.96 x 10 .. • 7 
Qf 1.-11 X 10 
6 
Q 1.59 X 10 
d . 7 
Qb 1 0 01 X 10 
Tf 122 
TABLE X 
RESULTS OF PROBLEM NUMBER 02126.20000 
FEED COMPOSITION NO. 2 
Distillate Composition (mol fraction) 
Percent Feed VaEorized 
19.6% 41.00;6 60.2% 79.7% 
0.95888 0.95942 0.95893 0.95888 
·• 
. 0.04112 0.04058 0.04107 0.04112 
0 0 0 0 
0 0 0 0 
0 0 0 0 
19.83114 19.83374 19.83314 19.82602 
26 26 26 26 
13 13 13 13 
·10.54749 ll.5915~ 12.46299 13.47432 
2.05 X 10 7 
' . 7 
2.24 X 10 2.39 X 10 
7 2.57 X 10 
1.88 X 10 
7 
l.83xl0 
7 . 7 
1.77 X 10 1.72 X 10 
' 7 
I.35xl0 1 0 58 X 10 
7 
1 0 80 X 10 
7 2 0 03 X 10 
··5 
1.59 xlO 1 0 59 X 10 
6 l.59xl0 6 I.q9 x 10 
. 7 
1.01 X 10 1.01 X 10 
7 
1.01 X 10 
7 
1.01 X 10 
135 143 152 160 
Type of Condenser - Total 
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RESULTS OF PRQl3-1J,IJJMBER 02124. 40000 
FEED COMPOSITION NO. 2 
Distillate.,;::C(?lilposit.:fo·n .(moJ;. ,fraction) 
·.· .. ·Percent Feed· Vaporized 
{ 
0%. 25.2% 50.8% 75.2% 
0,50::SOl 0.50361 o.50::s::s1 0.50332 . 
0.49024 0.49068 0.49114 0.49000 
,·. 
o.ooaso· 0,00549 0.00634 0.00638 
0.00026 0.00022 0.00022 o,.oop29 . 
0 o· I 0 0 
I 
39.7::$431 39.6$678 39.70922 39.70072 
' 't. 
Distillate 
N 25 25 25 25 s ' 
Nfp 12 12 12 12 
L/D 1.42611 · 1.80705 2.29945 2.84688 
6 6 7 . . 7 
QC B.62 x 10 9.96 X 10 1 0 17 X 10 1 0 37 X 10 
9.79 X 106 
'6 
S7 0 09 X i06 6 ~ 8.19 X 10 6 0 22 X 10 
Lll x 107 1.41 X 107 
. 7 
1.97 X 107 Qf 1.69 X 10 
6 . 6 6 ' 6 
Qd 3.28 X 10 3.27xl0 3.28xl0 3 0 28 X 10 
6 6 6 6 
~ 9.04 X 10 9.04 X 10 9p04 xlO 9.04xl0 
Tf 122 137 148 158 
Type of Condenser - Total 














1,.61 xlO 7 
' 6 5.67 X 10 
. 7 
2.28xl0 




RESULTS OF PROBLEM NUMBER 02150.60000 
FEED COMPOSITION NO. 2 
Distillate Composition (mol fraction) 
Component Percent Feed Vaporized 
0% 19.6% 41.0%. 60.2% ·~;;079~7% 
iC4 0.33245 0.33243 0.33242 0.33245 0.33245 .. . ... 
nC4 0.33245 0.33243 0.33242 0.33245 0.33245 
iC5 o.32201 0.32149 0.32133 0.32126 0.32119 
nC5 0.01310 0.01364 0.01383 0.01385 0.01392 
c6 0 0 0 0 0 
Total Mols 
Distillate 60.16021 60.16238 60.16433 60.16000 60.16001 
N 5i' 51 51 51 51 s 
Nfp 25 25 25 25 25 
L/D 3.47139 3.57096 3.73702 3.91958 4.12296 
QC 
7 7 7 7 2.67xl0 2 0 73 X 10 . 2 0 83 X 10 2.94 X 10 3 0 06 X 10 
7 . 7 7 7 
~ 2.67 X 10 2.59xl0 2 0 46 X 10 2 0 35 X 10 2.24 X 10 7 7 7 7 
Qf 1.11 X 10 1.35 X 10 1.58 X 10 l.80xl0 2 0 03 X 10 
6 6 6 6 
Qd 5.58 X 10 .5.58 X 10 5.58 X 10 5 0 58 X 10 5.5f3 X 10 
6 6 6 6 
Qb 6.50 X 10 6.50 X 10 6.50 X 10 6 0 50 X 10 6.50 X 10 
Tf 122 135 143 152 160 
-· 
Type of Condenser~ Total 











7 3.2lxl0 7 
7 2 0 14 X 10 7 
7 2.28 X 10 7 
6 5 0 58 X 106 
6 6.50 X 10 6 
172 c.n 00 
59 
.. TABLm XIII 
RESULTS OF PROBLEM NUMBER 03116.,15761. 
FEED COY.IPOSITION .. N-o'. 3 
I ' 
., 
Distiilate Composition (mol fraction) 
.. 
Comp. 
C 0.52170 ...... ,3. ................ " ... .. 
iC ,., . 4. 
nC . 4 .. 













N fp 7 
L/D 2.09962 
6 
QC 3 0 46 X 10 
'1 6 
Qr 4.13 X 0 
7 
Qf 1.30 X 10 
6 
Qd 1.33 X 10 . ·7 
Qb 1 0 2.3 X 10· 
Tf 176 
Type of Condenser -
Pr~ssure - 150 psia 
... ,., .. ' 
··.·25~8% . 49~9%' 
..• , .... _., .. ' ·1· .. 
Percent Feed Vaporized 
100% 
0.49263 0.,47889 0.47000 
0.3621'9 0.37604 0.38377 
0.14261 0.14226 0.14233 
0.00209 0.00225 0.00302. 
0.0004.9 0.00056 0.00087 
0 0 0 
15.65425 15.70198 15.74000 
17 17 17 .... 
7 7 7 
3.,23044 4.41133 7.27688 
4 0 73 xlO 
6 
6 0 09 X 10 
6 
9.,37 X 10 6 
6 
2.75 X 10. 1.84 X 10 
6 
3.14 X 10 
5 
1.,56 X 10 7 
' 7 
1.78 X 10 2.26 X 107. 
! 0 34 X 10 
6. 
1.35 x IP 6 1 •. 35 X 10 6 
1 0 23 X 10 
7 
1.22 X 10 
7 . .· 7 L22xl0 · 




RESULTS OF PROBLEM .NUMBER 03121.30000 
F'EED COMPOS IT ION NO. 3 
Distillate Composition (mol fraction) 
Comp, Percent Feed Vaporized 
0% 25.4% 50% 72.3% 100% 
c3, 0.33497 0.33508 0,33459 0.33508 0.33550 
' 
iC4 0.59977 0,60046 0,59924 0.59903 0.59994 
nC4 0,06526 0,06445 0.06,616 0,06588 0.06455 
iC5 0.00001 0.00001 0.00001 0.00001 0.00001 
nC5 0 0 0 0 0 
c6 0 0 0 0 0 
Total 
Mols 29.85348 29.84333 29.88698 29.84338 29.80653 
Distillate 
N 22 22 22 22 22 
s 
Nfp 11 11 11 11 11 
L/D 6.00497 6. 790tl7 7.42566 8.10811 9.13747 
7 7 7 7 7 
QC l, 63 X 10 1.82 X 10 1.97 X 10 2 0 12 X 10 2.36 xlO 
7 7 7 7 7 
Qr l O 74 X 10 1.63 X 10 1.54 X 10 1.47 X 10 1.44 X 10 
7 7 1, 67 X 107 1,9o'x107 7 Qf 1.14 X 10 1.43 X 10 2.17xl0 
6 . 6 6 . 6 6 
Qd 2,48 X 10 2 0 48 X 10 2.49 X 10 2 0 48 X 10 2.48 X 10 
6 6 7 6 
9,95 X 106 Qb 9.94 X 10 9.94 X 10 9~94 X 10 9,94 X 10 
Tf 138 160 171 179 185 
Type of Condenser - 'rota! 
Pressure - 100 psia 
61 
TABLE XV 
RESULTS OF PROBLEM NUMBER 04125.40000 
FEED COMPOS'.ITION NO. 4 
Distillate Composition (mol f~action) 
Comp. Percent Feed Vaporized 
0% 24.8% 50.4% 68.8% 100% 
c2 0.12521 0.12553 0.12541 0.12556 0.12535 . -
C· 3 0.50085 0.50211 0.50163 0.50225 0.'50139 
iC4 0.35492 0.35419 0.35488 0.35409 0.35421 
nC4 0.01902 0.01817 0.01808 0.01810 0.01905 
_ic5 0 0 0 0 0 
nC5 0 0 0 0 0 
c6 0 0 0 0 0 
Total 




27 27 27 27 27 
N . 
fp 13 
13 13 13 13 
L/D 4.29461 4.68536 5.30600 5.63111 6.44750. 
. 7 7 7 7 7 
QC 1.37 X 10 1.49 X 10 1.69 X 10 1. 79 X 10 2 0 05 X 10 
7 7 7 7 7 
~ 1.89 X 10 1.70 X 10 1.62 X 10 1.52 X 10 1.42 X 10 
6 7 7 7 7 
Qf 9.68 X 10 1.27 X 10 1.55 X 10 1.76 X 10 2.12xl0 
6 5· 5.64 X 106 5.63 X 106 
6 
Qd 5 0 65 X 10 5.63xl0 5.64 X 10 
' 6 9.23 X 106 
6 6 6 
Qb 9.22 X 10 9,23 X 10 9.23 X 10 9.23 X 10 
Tf 103 138 160 174 199 
Type of Condenser - Partial 




RESULTS OF PROBLEM NUMBER 01018.25200 
FEED CO~POSITIO~ NO. 1 
Feed Distillate Mo ls/Hr Component Mo ls/Hr At Min.st.ages 
I 
nC4 25.00000 24.19612 
iC 25.00000 o. 91,6,98 5 :, J 1' 
nC5 25,00000 0,13"/.6,3 
c6 25·.00000 0.0000::s, 
Totals 100.00000 ~5.25076 
Operating Conditions: 
' ' ' 
Number of Stages 19.0 
Feed Poin,t 10. 0 · 
Reflux Ratio 3.25:367 
. Type of Condenser Total 
Feed Condition BP 
Pressure psia 25.0 
Minimum Number of Stages 7.34655 
Minimum Reflux Ratio 




At Min.Reflux At Op. Cond. 
24.~9,614 24.1961,2 
Q.91698 0. 916,98 
0 0.08917 
' ' ' I 
0 0 
25.11312 25,20227 
Heat Loads Btu/Hr 
Condenser . 7 .40 x 106 
Reboiler s.01 x 106 
Feed 1.05 x 107 
Distillate 2.07 x 106 





RESULTS OF PROBLEM NUMBER 01028.25200 





At Min.Stages At Min.Reflux At Op. Cond. 
nC4 25.00000 24.32715 
iC5 25.00000 1.43859 
nC5 25.00000 0.24498 
c6 25.00000 0.00008 
Totals 100.00000 26.01081 
Operating Condi ti.ons: 
Number of Stages 29.0 
Feed Point 15.0 
Reflux Ratio 1.89142 
Type of Condenser Total 
Feed Condition BP 
Pressure psia · 2.5.0 
ijinimwn Number of Stages 
Minimum Reflux Ratio 










Heat Loads Btu/Hr 
Condenser 6. 77 x 10 
6 
Reboil er . 7 .39 x 106 
Feed 1.05 x 107 
. 6 





~SULTS OF~ PUOBLEM NUMBER 01038. 25200 
FEED COMPOSITION NO. 1 
Feed 
Distillate Mols/Hr 














Number of Stages 
Feed Point 
Reflux Ratio 







Minimum Number of Stages 
Minimum Reflux Ratio 










Heat Loads Btu/Hr 
Condenser 6. 52 x 106 
Reboiler 7 .11 x 106 
Feed 1.05 x 107 
Distillate 2.11 x 106 








RES~LTS OF PROBLEM NUMBER 01048.25200 
FEED COMPOSITION NO. 1 
Feed Distillate Mols/Hr 
Mo ls/Hr At Min.Stages At Min.Reflux 
25.00000 23.81699 23.81698 
25.00000 2 .• 14663 2.14663 
25.00000 0.50327 0 
25.00000 0.00062 0 
100.00000 26.46752 25.96361 
Operating Conditions: 











Heat Loads Btu/Hr 





Pressure psia 25.0 
Minimum Number of Stages 
Minimum Reflux Ratio 












7.01 X 10 
1.05 X 107 
6 2.16xl0 
6 




RESULTS OF PROBLEM NUMBER 01038.50000 
·, 
FEED COMPOSITION NO. 1 
Feed Distillate Mo ls/Hr Component Mols/Hr At Min.Stages At Min.Reflux At Op. Cond. · 
nC4 25.00000 25.00000 25.00000 25.00000 
iC5 25.00000 23.64628 23.64628 23.64628 
nC5 25.00000 1.35838 1.35840 1.35838 
cs 25.00000 0 0 0 
Totals 100,00000 50,00466 50.00468 50.00466 
Operating Conditions: 





Heat Loads Btu/Hr. , 







Minimum Number of Stages 
Minimum Reflux Ratio 










7 3,69 X 10 
3.75xl07 
1,05 X 107 









RESULT,S OF' PROBLEM NUMBER 01048050000 
FEED COMPOSITION. NO. 1 
Distillate Mols/Hr Feed 














Number of Stages 
Feed Point 
Reflux Ratio 







Minimum Number of Stages 
Minimum Reflux Ratio 






















7 3.20 X 10 
. 7 
3.27 X 10 
l.05xl07 




RESULTS OF PROBLEM NUMBER 01058.50000 
FEED COMPOSITION NO. 1 







Number of Stages 
Feed Point 
Reflux Ratio 














Minimum.Number of Stages 29.47674 
Minimum Reflux Ratio 









Heat Loads Btu/Hr 
. . 7 
Condenser 2. 94 x.10 
Reboiler 3.01 x 107 
Feed 1 •. 05 x 10 7 
. . 6 
Distillate 4. 58 x 10 
Bottoms 6.62xlo6 · 
69 
TABLE XXIII 
RESULTS OF PROBLEM NUMBER 01068.50000 
FEED COMPOSITION NO. 1 
Feed :Qistillate Mols/Hr Component Mo+s/Hr At Min.Stages At Min.Reflux At Op. Cond. 
nC 4 25.00000 25.00000 25.00000 25.00000 
iC5 25iooooo 24.24574 24.?4573 24.24574 
nc5 25.00000 0.75336 0.75336 0.75336 
c6 25.00000 0 0 0 
Totals 100.00000 49.99910 49,99909 49. 9.9910 
Operating Conditions: 




Heat Loads Btu/Hr 
Reflux Ratio 







Minimum Number of Stages 30.94494 
Minimum Reflux Ratio 









7 2,80 X 10 




6.62 X 10 
70 
TABLE XXIV 
RESULTS OF' PROBLEM NUMBER 02026. 20000 
FEED COMPOSI'l'ION NO. 2 
Distillate Mols/Hr 








Number of Stages 
Feed Point 
Reflux Ratio 
Type of Condenser 
Feed Con,dition 
Pressure psia 












Minimum Number of Stages 18.25116 
Minimum Reflux Ratio 
























1.90 X 10 
1. 96 X 107 
7 1.llxlO 
6 
1.59 X 10 
7 
l 001 X 10 
71 
TABLE XXV 
RESULTS OF PROBLEM NUMBER 02041 .•. 20000 
FEED COMPOSITION NO. 2 
Feed Distillate Mo ls/Hr Component Mo ls/Hr At Min.Stages At Min.Reflux At Op. Cond. 
iC~ 20.00000 19.49084 19.49084 19.49084 
nC 4 
20·.00000 o.55977 0.55977 0.55977 
iC 
5 
20.00000 0 0 0 
n~5 20.00000 0 0 0 
c6 20.00000 0 0 0 
To tars 100.00000 20.05061 20.0506_1 20.05061 
' 
Operating Conditions: 





Heat Loads Btu/Hr 







Minimum Number of Stages 21.50100 
Minimum Reflux Ratio 









1.44 X 107 
. 7 
l.qO X 10 
7 1.11 xlO 
1.60 X 106 
1 0 01 X 107 
72 
TABLE XXVI 
RESULTS OF PROBLEM NUMBER 02058 0 20000 
FEED COMPOSITION NOo 2 
Distillate · Mols/Hr · 



























50.0 i' ., 
"' e i 
Minimum Number of Stages 24.93632 
Minimum Reflux Ratio 
























1.32 X 10 
7 1.38 X 10 
\ 7 
l.llxlO 






RESULTS OF PROBLEM NUMBER 02024.40000 
FEED COMPOSITION NO. 2 
Feed 
Distillate Mo ls/Hr 
Component Mo ls/Hr At Min.Stages At Min. Reflux At Op. Cond. 
iC4 20.00000 19.97134 20.00000 19.98668 
n~4 20.00000 19.47924 19.47923 19.47924 
iCr.:: 20.00000 0.25811 0.25811 0.25811 
0 
nC5 20.00000 0.02910 0 0.01028 
c6 20.00000 0 0 0 
Totals 100.00000 39.73779 39.73735 39.73431 
Operating Conditions: 
Number of Stages 
Feed Point 
Reflux Ratio 
25.0 Heat Loads Btu/Hr 
12.0 





Pressure psia 50.0 
Minimum Number of Stages 9.97330 
Minimum Reflux Ratio 










9 0 79 X 106 
1.11 X 107 
3,28 X 106 
9 0 04 X 106 
75 
TABLE XXVIII 
RESULTS OF PROBLEM NUMBER 02034.40000 
FEED COMPOSITION NO. 2 
'! 







Operating Condi tion_s: 
Number of stages 
Feed Point 
Reflux Ratio 















Minimum Number of Stages 8. 65903· 
Minimum Reflux Ratio 










Heat Loads Btu/Hr 
Condenser · 8 .13 x 106 
Reboil er 9. 29 x 106 
Feed 1.11 x 107 
6 Distillate 3. 27 x 10 
Bottoms 9.03 x 106 
. 76 
TABLE XXIX 
RESULTS OF PROBLEM NUMBER 02044.40000 
,. 
FEED COMPOSITION NO. 2 
' . 
Feed Distillate Mo ls/Hr Component Mols/Hr At Min.Stages At Min.Reflux At Op. Cond. 
_ic4 20.00000 19.84754 20.00000 19.99742 
nc4 20.00000 18.78370 18.78370 1.8. 78370 
iC5 20.00000 .o. 89316 0.89316 0.89316 
nc5 20.00000 o.1a904 0 0.00516 
c6 20.00000 0.00011 0 0 
Totals 100.00000 39.71356 39'.67686 39.67990 
Operating Conditions: 







Heat Loads Btu/Hr 





Minimum Number of Stages 7.30405 
Minimum Reflux Ratio 









7.9.2 X 106 
6 9.05 X 10 
1.11x107 
. 6 
3 0 29 X 10 
6 8.9.9 X 10 
TABLE XXX 
RESULTS OF PROBLEM NUMBER 02040 0 60000 
FEED COMPOSITION NO. 2 
Distil~ate Mols/Hr 








Number of Stages 
Feed Point 
Reflux Ratio 















Minimum Number of Stages 
Minimum Reflux Ratio 

























3.10 X 10 
3.19xlo7 
7 1.11 X 10 




RESULTS OF PROBLEM NUMBER 02050.60000 
FEED COMPOSITION NO. 2 
Feed Distillate Mo ls/Hr Component Mo ls/Hr At Min.Stages At Min.Reflux At Op. Cond. 
iC4 20.00000 20.00000 20.00000 20.00000 
nc4 20.00000 20.00000 20.00000 20.00000 
iC5 20.00000 19.37218 19.37217 19.37218 
nc5 20.00000 0.78803 0.78802 0.78803 
C 6 20!.00000 
0 0 0 
Totals 100.00000 60.16021 60.16019 60.16021 
Operating Conditions~ 






Heat Loads Btu/Hr 
Reflux Ratio 






Minimum Number of Stages. 35.32062 
Minimum Reflux ~tio 











2 0 67 X 107 
2 0 76 X 107 
7 1.11 X 10 




RES uvrs 01'"' PROBLEM NUMBER 02060. 60000 
FEED COMPOSITION NO. · 2 
Distillate Mols/Hr 





iC 5 20.00000 
nc5 20.00000 
e . <6 20 .• 00000 
Totals 100.00000 
Operating Conditions; 
Number of Stages 
Feed Point 
Ref,lux Ratio 















Minimum Number of Stages 37~60846 
Minimum Reflux Ratio 


























1.,11 X 107 
6 5.,59 X 10 
6 
6 0 49 X 10 
Component 
TABLE XXXIII 
RESULTS Oli' PROBLEM NU~IB.ER 030160.15761 
FEED Cc;JMP'OSITION NO. 3 
Distillate Mols/tlr Feed 
Mo ls/Hr 
At Min.Stages At Mi110 Reflux At Op. Cond .• 
C3 10.00000 8.21174 
iC 4 20.00000 5.23097 
nc4 20~00000 2.25486 
iC • .. •5 20.00000 0.17539 
nC5 20.00000 0.01.7.43 
e6 10.oqooo 0.00117 
Totals 100.00000 15.95156 
Operating C9nditions; 
Number of Stages 17.0 
Feed Point 7.0 
Reflux Ratio 2.09962 
Type of C.ondenser Total 
Feed Condition BP 
f>ressure psia 150.0 
Minimum Number of Stages 3.92982 
ll!iinimum .Reflux Ratio 







































Operating Conditions; -·,:1. 
IPEED COMPOSITION NO. 3 
Distillate Mols/Iilr 























Heat Loads Btu/Hr 





Minimum Number of SJages 3.62074 
Minimum Reflux Ratio 
Er bar - Maddox l. 94343 






3.21 X 106 
6 3.85 X 10 . 
. 7 
1..30 X 10 
1.31 X 106 
... 7 
l 023 X 10 
81 
TABLE XXXV 
RESUL~S OF J:>ROBLEM NUMBER 03021 • 30000 
Distillate Mols/Hr 

















Operating C.ondi tions: 
Number of Stages 
Feed Point 
Reflux Ratio 
















Minimum Number of Stages 15.36873 
Minimum Reflux Ratio 
























. ··.·· 7 
L63 x 10 
7 
1.74 X 10 
7 
1.14 x.10 





RESULT~ OF PROBLEM NUMBER 03031.30000 
FEED COMP(),SITION NO,, 3 
; 
Feed D~.stillate Mo ls/Hr 
Co1nponent Mols/Br At Min,~~tages 
c· . 3 10;.00000 10.00000 
iC 4 20.00000 18.36573 
ne 4 20.00000 1.61940 
iC •. 5 20.00000 0 
nC .5 
20.00000 0 
c6 10.00000 0 
Totals 100.00000 29.98513 
Operating Conditions;,. 
N:umber of Stages 32.0 
Feed Point 16.0 
Reflux Ratio 4.62285 
Type of Condenser Total 
Feed Condition BR 
Pressure psia 100.0 
Minimum Number of Stages 17~02:173 
Minimum Reflux Ratio 
Erbar - Maddox 4 0 11013 
Underwood 3.86000 
At Min.Reflux At. Op. ~ond. 













.... l 32 X 107 
,•. ·. ; ;' 7 
1~42 X 10 
7 1 0 14. X 10 ·· 
2.,49 xJ.06 
·.. 6 




RESUL'fS OF' PROBLEM NUMBER 03017 .50000 
FEED COMPOSI'l'ION NO. 3 
Feed Distillate Mo ls/Hr Component Mo ls/Hr 
,, ___ 
At Min.Stages At Min.Reflux At Op. Cond. 
C 3 
10.00000 9.99982 10.00000 9.99998 
iC4 20.00000 19.90560 20.00000 19.94847 
nC4 20.00000 19.27919 19.27919 19.27919 
iC5 20.00000 1.10445 1.10445 1.10445 
nC 5 20 .. 00000 0.22726 0 0.14539 
c6 10.00000 0.00003 0 0.00001 
Totals 100.00000 50.51634 50.38364 50.47748 
Operating Conditions; 
Number of Stages 
Feed Point 
18.0 Heat Loads Btu/Hr 
Reflux Ratio 








Minimum Number of Stages 
Minimum Reflux Ratio 











9 0 41 X 10 
1.08 X 107 
7 
1.06 X 10 
6 
4.28 X 10 
6 
7 • 70 X 10 
TABLE XXXVIII 
RESULTS OF PROBLEM NUMBER 03027.50000 
FEED COMPOSITION NO. 3 
Feed Distillate Mo ls/Hr Component Jllfols/Hr At Min.Stages At Min.Reflux At Op. Co.nd. 
c3 10.00000 9.99990 10.00000 10.00000 
iC 
4 
20 .. 00000 19.93165 20.00000 19.98880 
nC 4 20.00000 19.40874 19.40874 19.40874 
iC5 20 .. 00000 0.96838 0.96838 0.96838 
nC5 20.00000 0.18038 0 0.05419 
c6 10.00000 0.00002 0 0 
Totals 100.00000 50.48907 50.37712 50.42010 
Operating Conditions; 




Heat Loads Btu/Hr 
Reflux Ratio 





Pressure psia 75.0 
Minimum Nmnber of Stages 
Minimum Reflux Ratio 










6 8.,67 X 10 
7 
1.01 X 10 
1.06 X 107 
4.27xl06 
7. 72 X 106 
85 
TABLE XXXIX 
RESULTS OF PROBLEM NUMBER 04013.08266 
FEED COMPOSITION NO. 4 
Feed Distillate Mo ls/Hr Component 
Mo ls/Hr At Min.,Stages At Min 0 Reflux At Op. Cond. 
c2 5.00000 3~62115 :3o 62115 3.62115 
C3 20.00000 4.10628 5.16585 4.10628 
iC4 15.00000 0.74901 o.37154 0.37154 
nC 4 15.00000 o.38855 0 0.09775 
iC5 15~00000 0?0?'651 Q 0.00279 
nC5 :J.5.00000 0.45560 0 0.00094 
C5 1s:ooooo 0:00612 0 0~00001 
Totals 100.00000 8.99319 9.15854 8.20046 
Operating Conditions: 
Number of Stages 
Feed Point 
Reflux Ratio 
'15.0 Heat Loads Btu/Hr 
5.0 







Minimum Nwnber of St.ages 
Minimum Reflux Ratio 










1 .20 X 106 
2.13x106 
1 0 45 X 107 
5 9,,6lxl0 
···.··.• .. ··. .'? 
. J.;"44X 10 
86 
TABLE XL 
~SULTS OF PROBLEM NUMBER 04023.08266 
FEED COMPOSITION NO. 4 
\ \ 





















Number of Stages 
Feed Point 
Reflux Ratio 


















Minimum Nwnber of Stages 
Minimum Reflux Ratio 































9.54 X 10 
6 1.84 X 10 
1.45 X 107 
. . 5 
9.89 X 10 
7 1.44 X 10 
87 
TABLE XLI 
RESULTS OF PROBLEM NUMBER 04015.24500 
FEED COMPOSITION NO. 4 
Feed 
Distillate Mo ls/Hr 
Component 
Mo ls/Hr At Min.Stages 
c2 5.00000 4.99994 
c3 20.00000 18.66793 
iC4 15.00000 0.66297 
nC4 15.00000 0.07558 
iC5 15.00000 0.00021 
nC5 15.00000 0.00003 
c6 15.00000 0 
Totals 100.00000 24.40666 
Operating Conditions: 
Number of Stages 17.0 
Feed point 9.0 
Reflux Ratio 2.6278 
Type of Condenser Partial 
Feed Condition BP 
Pressure psia 150.0 
Minimum Nwnber of Stages 
Minimum Reflux Ratio 






























4.09 X 10 
7.37xl07 
7 1.12 X 10 
6 3.00 X 10 
l 015 X 107 
88 
TA»LE XLII 
RESULTS OF PROBLEM NUMBER 04025.24500 
FEED COMPOSITION NO. 4 
Feed Distillate Mols/Hr Component Mo ls/Hr At Min.Stages At Min.,Reflux At Op. Cond. 
C 
2 
5.00000 4.99990 5.,00000 5.,00000 
C3 20.00000 18.56423 18.56424 18.56423 
iC4 15.00000 0.77572 0.77572 0.77572 
nC4 15.00000 0.09765 0 0.01585 
iC5 15.00000 0.00034 0 0 
nC 
5 
15.00000 0,00006 0 0 
c6 15.,00000 0 0 0 
Totals 100.00000 24.43790 24.33996 24.35580 
Operating Conditions: 







Beat Loads Btu/Hr 





Minimum Number of Stages 7.74034 
Minimum Reflux Ratio 










3 0 17 X 10 
6 6 0 44 X 10 
1.12 X 107 




RESULTS OF PROBELM NUMBER 04025.40000 
Ji'EED CO:MPOSITION NO. 4 
Feed 
Distillate Mo ls/Hr 
Component Mo ls/Hr At Min.Stages At Min.Reflux At Op. Cond. 
c2 5.00000 5.,00000 5.,00000 5.,00000 
c3 20 .. 00000 20.00000 20.00000 19. 99,997 
iC4 15 .. 00000 14.17282 14.17280 14.17282 
nC4 15.00000 0.75932 0.75932 0,.75932 
iC5 15.00000 0 0 0 
nc5 15.00000 0 0 0 
c6 15.00000 0 0 0 
Totals 100.00000 39.,93214 39.93212 39.93211 
Operating Conditions: 





Heat Loads Btu/Hr 
Type of Condenser 
Feed Condition 
Pressure psia 
4 .. 29461 
Partial 
Minimum Nwnber of Stages 19.38067 
Minimum Reflux Ratio 









1.,37 X 107 
l.,89xl07 






RESULTS Oli' PH.OBLEM NUMBER 04035.40000 
FEED COMPOSI'fIOJ:11 NO. 4 
Feed Distillate Mo ls/Hr Component Mo ls/Hr At Min.Stages At Min.Reflux At Op. Cond. 
c2 5.00000 5.00000 5.00000 5.00000 
c3 20 •. 00000 20.00000 20.00000 20.00000 
iC4 15.00000 1,1.47215 14.47215 14.47215 
nC4 15.00000 o.52592 0.52592 0.52592 
iC5 15.00000 0 0 0 
nc5 15.,00000 0 0 0 
c6 15.00000 0 0 0 
Totals 100.00000 39.99807 39.99807 39.99807 
Operating Conditions: 







Heat Loads Btu/Hr 





Minimum Number of Stages 22.22961 
Minimum Reflux Ratio 









L03 x 107 
L55xl07 
9 0 68 X 106 
5.66 X 106 
9 0 23 X 106 
91 
TABLE XLV 
RESUL'l~S OF PROJ3LEM NUMBER 04019 o 55080 
li'EED COMPOSI'fION NO" 4 
Feed Distillate Mo ls/Hr Component Mo ls/Hr At Min.Stages At Min.Reflux At Op. Cond. 
c2 5.00000 5.00000 5.00000 5.00000 
c3 20.00000 20.00000 20.00000 20 .. 00000 
iC4 15.00000 14,99648 15.00000 14099483 
nC4 15.00000 14.91428 14.91426 14.91427 
iC5 15.00000 0.36575 0.36575 0.36575 
nC5 15.00000 0.02857 0 0.01981 
C 6 
15.00000 0 0 0 
Totals 100.00000 55.30507 55.28001 55.29466 
qperating Conditions: 





Heat Loads Btu/Hr. 






Minimw11 Number of Stages 11.89320 
Minimum Reflux Ratio 










5.15 X 10 
7 1.,21 X 10 
6 8 0 91 X 10 
6 8.45 X 10 
6 
7 .44 X 10 
92 
TABLE XLVI 
RESULTS OF' PUOBLEM NUMBER 04029 o 55080 
FEED COMPOSITION NO" 4 
F'eed Distillate Mo ls/Hr Component Mo ls/Hr At Mino Stages At ll'lin" Reflux At Op., Condo 
c2 5000000 5000000 5.00000 5000000 
C3 20.00000 20000000 20.00000 ,20 0 00000 
iC4 15.00000 14o9'9975 15.00000 14.9!::W79 
nC4 15.00000 14.98883 14.98883 14.98883 
iC5 15.00000 0.48801 0.48801 OA8801 
nC5 15.00000 0.02396 0 0.01032 
c6 15.00000 0 0 0 
Totals 100.00000 55.50055 55.47684 55.48695 
Operating Conditions: 








Heat Loads Btu/Hr 
Type of Condenser 
Feed! Condition 
Pressure psia 
Minimum Number of Stages 
Minimum Reflux Ratio 











4.27 X 10 
7 
1.13 X 10 
6 8o9lxl0 
6 
8a49 X 10 
6 7 042 X 10 
93 
TABLE XLVII 
RESULTS OF PROBLEM NUMBER 05016 0 30000 
1',EED COMPOSITION NO. 5 
Feed Distillate Mo ls/Hr Component Mo ls/Hr At Min.Stages At MinQReflux At Op. Cond. 
c1 1000000 1.00000 1.00000 1.00000 
c2 5.00000 4 .• 99990 5.00000 4.99984 
C3 24.00000 22.88938 22.88938 22.88938 
iC4 15.00000 0.95873 0.95873 0.95873 
nc4 15.00000 0.13139 0 0.10799 
iC5 15.00000 0.00049 0 0.00025 
nC5 15.00000 0.00007 0 0.00004 
c6 10.,00000 0 0 0 
Totals 100.00000 29.97996 29.84811 29.95624 
Operating Conditions: 
Number of Stages 
Feed Point 
Reflux Ratio 
18.0 Heat Loads Btu/Hr 






Minimum Number of Stages 
Minimum Reflux Ratio 









3 0 96 X 106 . 
6 
7.36 xlO 
7 1.31 X 10 
6 
3 0 72 X 10 
7 
l.28 X 10 
94 
TABLE XLVIII 
RESULTS OF PROBLEM NUMBER 05026 0 30000 
FEED COMPOSITION NO., 5 
Feed Distillate Mo ls/Hr 
Component 
Mo ls/Hr 
At Mino Stages At Min.Reflux At Op. Cond. 
cl 1.00000 laOOOOO 1.00,000 1.00000 
c2 5.00000 4.99986 5.00000 5.00000 
c3 24.00000 2,2.84917 22.84916 22.84917 
iC4 15.00000 Ll0660 1.10660 1.10660 
nC4 15 .. 00000 0.16420 0 0.07497 
iC5 15.00000 0.00075 0 0.00002 
nc5 15000000 0.00002 0 0 
c6 10.00000 0 0 0 
Totals 100.00000 30.12071 29.95577 30.03076 
Operating Conditionsi 
Number of Stages 
Feed Point 
28.,0 Heat Loads Btu/Hr 
Reflux Ratio 








Minimum Nwnber of Stages 
Minimum Reflux Ratio 










3 0 03 X 106 
6.44 X 106 
1.31 X 107 
3.,73 X 106 
l.28 X 107 
95 
TABLE XLIX 
RESULTS OF' PROBLE:M NUMBER 05020. 60000 
IPEED COMPOSITION NOo 5 
Feed Distillate Mo ls/Hr Component Mcds/Hr At Min.Stages At MinoReflux At Op, Cond. 
C . 
1 
1.00000 1.00000 1.00000 1.00000 
c2 5.00000 5.00000 5.00000 5.00000 
c3 24.00000 2,4,.00000 24.00000 23 0 99~)98 
iC 
4 
15.00000 14.98974 15.00000 14.98486 
nc4 15.00000 14.80046 14.80045 14.,80046 
iC5 15,00000 0.22947 0.22947 0.22947 
nc5 15.00000 0,01573 0 0.01762 
c6 10.00000 0 0 0 
Totals 100.00000 60.03540 60.02992 60.03238 
Operating Conditions: 









Heat Loads Btu/Hr 
Type of Condenser 
Feed Condition 
Pressure psia 
Minimum Number of Stages 13.87023 
Minimum Reflux Ratio 









6 4 0 97 X 10 
6 
Ll9 x 10 
6 
9.68 X 10 




RESULTS OF PROBELM NUMBER 05030.60000 
FEED COMPOSITION NO. 5 
Feed Distillate Mo ls/Hr Component Mo ls/Hr At Min.Stages At Min.Reflux At Op. Cond. 
c1 1.00000 1.00000 1.00000 1.00000 
c2 5.00000 5.00000 5.00000 5.00000 
c3 24.00000 24.00000 24.00000 24.00000 
iC4 15.00000 14.99892 15.00000 14.99858 
nc4 15.00000 14.95079 14.95079 14.95079 
iC5 15.00000 0.08716 0.08716 0.08716 
nC5 15.00000 0.00277· 0 0.00240 
c6 10.00000 0 0 0 
Totals 100.00000 60.03964 60.03255 60.03393 
Operating Conditions: 









Heat Loads Btu/Hr 
Type of Condenser 
Feed Condition 
Pressure psia 
Minimum Number of Stages 17.89089 
Minimum Reflux Ratio 









6 4 0 12 X 10 
6 1 0 10 X 10 
9.68xl06 
6 
8.90 X 10 
7 0 69 X 106 
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TABLE LI 
RESULTS OF PROBLEM NUMBER 07016008600 
FEED COMPO.SITION NOo 7 
Feed Distillate Mo ls/Hr Component Mo ls/Hr At MinoStages At Mino Reflux At Opo Condo 
c2 5000000 2037826 2 0 37826 2037827 
C3 15000000 3.66685 3066685 3066652 
iC4 10.00000 1050530 1063865 L25172 
nC4 10.00000 1023660 1041529 o.93673 
iC5 10.00000 0070348 0093394 0.21402 
nC 5 10.00000 0.61583 0084886 0011619 
c6 10.00000 0.26478 0.45463 0000094 
c7 10.00000 0010713 0022448 0 
ClO 20.00000 0.01725 0 0 
Totals roo.00000 10049548 11056096 8056439 
Operating Conditions: 
N~ber of Stages 18.0 Heat Loads Btu/Hr 
Feed Point 7.0 
Reflux Ratio 1.00832 
Type of Conde,nser Partial 
Feed Condition BP 
Pressure psia 400.0 
Minimum Number of Stages 
Minimum Reflux Ratio 
Erbar - Maddox 
Underwood 
Condenser 5.20 X 105 
Reboil er 2o23 X 106 
Feed 2.18xl07 
Distillate 1 .25 X 106 
Bottoms 2 0 23 X 107 
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TABLE LII 
RESULTS 01•' PROBLEM NUMBER 07031.08600 

















Number of Stages 
Feed Point 
Reflux Ratio 



















Minimum Number of Stages 1.44704 
Minimum Reflux Ratio 





































RESULTS OF PROBLEM NUMBER 07017 0 21000 
F'EED COMPOS IT ION NO. 7 












Number of Stages 
Feed Point 
Reflux Ratio 



















Minimum Number of Stages 
Minimum Reflux Ratio 





5.00000 4-. 99936 
13.76581 13.76581 
1.84454 l O 8LJ,Ll54 







Heat Loads Btu/Hr 
Condenser 2.80 x 106 
Reboil er 7. 61 x 106 
f•'eed 1. 97 x 107 
Distillate 2. 73 x 106 
Bottoms 7 2 0 18 X 10 
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TABLE LIV 
RESULTS OF PROBLEM NUMBER 07032.21000 
FEED COMPOSITION NO. 7 
Feed 
Distillate Mo ls/Hr 
Component 
Mo ls/Hr 
At Min.Stages At Miu.Reflux At Op. Cond. 
c2 5.00000 4.97014 5.00000 4. 99!)919 
c::; 15.00000 12.62757 12.62757 12.62757 
iC4 10.00000 2.89561 2.89561 2.89561 
nC4 10.00000 1.32431 0. 84,097 0.94240 
iC5 10.00000 0.11613 0 0.00028 
nc5 10.00000 0.06583 0 0.00003 
c6 10.00000 0.00280 0 0 
c7 10.00000 0.00013 0 0 
ClO 20.00000 0 0 0 
Totals 100.00000 22.00251 21.36415 21.46588 
Operating Conditions: 







Heat Loads Btu/Hr 





Minimum Number of Stages 
Minimum Reflux Ratio 


















RESULTS OF PROBLEM NUMBER 07019.40000 
FEED COMPOSITION NO. 7 
Feed Distillate Mo ls/Hr Component Mols/Hr At Min.Stages At Min.Reflux At Op •. Cond. 
c2 5.00000 5.00000 5.00000 5.00000 
c3 15.00000 14.99999 15.00000 14.91:)998 
iC4 10.00000 9.98940 10.00000 9.98754 
nc4 10.00000 9.84604 9.84604 9.84604 
iC5 10.00000 0.32002 0.32002 0.32002 
nC5 10.00000 0.05264 0 0.03821 
c6 10.00000 0 0 0 
C7 10.00000 0 0 0 
ClO 20.00000 0 0 0 
Totals 100.00000 40.20810 40.16606 40.19179 
Operating Conditions: 






Heat Loads Btu/Hr 






Minimum Number of Stages 
Minimum Reflux Ratio 











7 1.26 X 10 
7 
1 0 28 X 10 
6.05 X 106 
. 7 
1.59 X 10 
J..03 
TABLE LVI 
RESULTS OF' PROBLEM NUMBER 07033. 40000 
FEED COMPOSI'l'ION NO. 7 












Number of Stages 
Feed Point 
Reflux Ratio 



















Minimum Number of Stages 14 .• 52517 
Minimum Reflux Ragio 


































Ll8 x 107 
l.28xl07 





B - total mols of distillate product per unit time 
C - constant 
D - total mols of bottoms product per unit time 
F - total mols of feed per unit time 
Hf - feed enthalpy Btu per pound mol 
K - vapor liquid equilibrium constant defined as y/x 
L total liquid rate per unit time at a given point in a fractio-
nator 
Qc - condenser heat load, Btu per unit time 
Qr - reboiler heat load, Btu per unit time 
R - reflux ratio, defined as L0 / D 
R - minimum reflux ratio, defined as (L0 / D) , occurs at S = co m m 
S - number of stagt;is in a fractionator 
S - minimum number of stages, occurs at R = co 
m 
V total vapor rate per unit time at a given point in a 
fractionator 
XD - mols of any component in the distillate product per unit time 
Xw, - mols of any com1lonent in the bottoms product per unit time 
a - exponent, unknown variable 
b - exponent, defined by equation b = log KLK / log B KHK 
C - exponent, unknown variable 
g - algebraic variable 
x - mol fraction of any component in the liquid phase 
y - mol fraction of any component in the vapor phase 
105 
z - algebraic variable 
a - relative volatility, defined by equation a= K1/K2 
~ - defined by equation~= KLKIK~ 
6 - change in any quantity 
106 
¢R - functional notation of Gilliland's correlation, defined by 
equation ¢R = R - Rm/R + 1 
¢5 - functional notation of Gilliland's correlationj defined by 
equation ¢5 = S - Sm/S + l 
Subscripts 
o - pertains to reflux rate mols 
1 - pertains to stream quantities leaving the top tray of 
fractionator 
CT - pertains to total amount of liquid leaving the condenser 
k - pertains to a known condition 
m pertains to minimum quantity 
op - pertains to opera tine; conditions 
R - pertains to the rectifying section of a fractionator 
s - pertains to the stripping section of a fractionator 
u - pertains to an unknown condition 
APPENDIX D 
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